A mouse cDNA clone has been isolated that contains the complete coding region of a protein highly homologous to the 8 subunit of the Torpedo acetylcholine receptor (AcChoR). The cDNA library was constructed in the vector XgtlO from membrane-associated poly(A)+ RNA from BC3H-1 mouse cells. Surprisingly, the 8 clone was selected by hybridization with cDNA encoding the y subunit of the Torpedo AcChoR. The nucleotide sequence of the mouse cDNA clone contains an open reading frame of 520 amino acids. This amino acid sequence exhibits 59% and 50% sequence homology to the Torpedo AcChoR 8 and y subunits, respectively. However, the mouse nucleotide sequence has several stretches of high homology with the Torpedo y subunit cDNA, but not with 8. The mouse protein has the same general structural features as do the Torpedo subunits. It is encoded by a 3.3-kilobase mRNA. There is probably only one, but at most two, chromosomal genes coding for this or closely related sequences.
The nicotinic acetylcholine receptor (AcChoR) is a postsynaptic integral membrane protein complex composed of four subunits, denoted a, ,B, y, and 8, with gel electrophoretic molecular weights ranging from 40,000 to 65,000. The receptor is very abundant in the electric organ of the ray Torpedo and it has been extensively characterized at the biochemical, functional, and sequence levels (1) . The amino acid sequences of the four Torpedo subunits have been determined from nucleotide sequences of full-length cDNA clones (2) (3) (4) (5) (6) (7) .
Nicotinic AcChoRs occur in lower overall abundances per unit mass of tissue at the neuromuscular junctions of vertebrate striated muscle and in various muscle-like cell systems in culture. Vertebrate systems are of greater interest than Torpedo for most electrophysiological studies and for cell biological studies of assembly (see ref. 8) . The subunits of the vertebrate receptor are similar in general properties to those of Torpedo, but they are clearly somewhat divergent at the amino acid sequence level (9) .
Full-length cDNA clones for the a subunit of a bovine receptor and chromosomal genes for the a subunit of humans and chickens have been characterized (10, 11) , as has a partial cDNA clone for the a subunit of the mouse AcChoR (12) . As a further step toward the complete characterization of the vertebrate genes, we report here the isolation and characterization of a cDNA clone containing the complete proteinencoding region of the 8 subunit of the mouse AcChoR.
MATERIALS AND METHODS
Preparation of Membrane-Associated Polysomal Poly(A)+ RNA. BC3H-1 mouse cells were grown and induced to undergo differentiation on reaching confluency so as to express AcChoR as described (13) . A membrane pellet enriched in membrane-bound polyribosomes was prepared by a modification of the method of Merlie et al. (14) . Our procedure differed in some details, including omission of the nuclear separation step and use of emetine-HCl in all isolation buffers to prevent ribosome run-off. The final membrane pellet was dissolved in 6 M guanidine-HCl/20 mM sodium acetate, pH 5/1 mM dithiothreitol (15) . RNA was purified by four cycles of precipitation with ethanol (0.55 vol) and redissolution in the same buffer. Poly(A)+ RNA was isolated by two cycles of oligo(dT)-cellulose chromatography.
cDNA Cloning in XgtlO. A cDNA library was prepared in the bacteriophage vector XgtlO by a method devised by Charles Rice of this institution (personal communication), based in part on the procedure of Okayama and Berg (16) .
First strand synthesis was carried out with 10 Mg of the membrane-bound poly(A)+ RNA essentially as described (16) There is no sequence corresponding to the nents suggest that this difference is due to a cloning artifact EcoRI linker at the 3' end of this fragment, indicating that n the 3' untranslated region of X58 (see Fig. 6 Fig. 3 ). bp, Base pairs. and basic) and the same comparison made, the mouse poly- peptide chain was again more homologous overall to the Torpedo AcChoR 8 subunit (77%) than it was to the Torpedo y subunit (72%). When the nucleic acid sequences were aligned as in Fig. 4 , the mouse sequence was also more similar overall to the Torpedo 8 subunit sequence (60%) than it was to the Torpedo 'y subunit sequence (55%) (data not shown). It is important to reiterate at this point that the Torpedo AcChoR y subunit cDNA was used to isolate this putative mouse AcChoR cDNA clone and that no positives were obtained when the Torpedo 8 subunit cDNA was used as hybridization probe.
A clue to the cause for this paradox is provided by the percent homology profiles for both the nucleotide and amino acid sequences (Fig. 5 ). This analysis displays areas of high and low homology between two sequences as peaks and troughs, respectively. From the nucleic acid sequence comparisons it is apparent that the Torpedo y subunit cDNA sequence contains longer regions of high homology with the mouse cDNA sequence (Fig. 5A ) than does the Torpedo 8 subunit cDNA (Fig. SC) . We estimate that only sequences in the peaks of length ca. 75 nucleotides and homology greater than 65-70% in Fig. 5A for the Torpedo y cDNA probe would hybridize with the mouse sequence under the conditions used (50% formamide/5x SSPE, 420C), whereas no such regions occur in the Torpedo 8 cDNA.
In contrast to the nucleic acid homology profiles just described, the amino acid homology profiles show longer stretches of high homology for mouse vs. Torpedo 8 than for mouse vs. Torpedo y (Fig. 5 D and B) , in agreement with the overall percent homology calculations. These data indicate that the subunit of the mouse AcChoR that we have cloned is generally more similar to the Torpedo AcChoR 8 subunit than to the y subunit. The nucleic acid sequence homology profiles explain the technical result of selecting a mouse 8 cDNA clone with a Torpedo y probe; however, the biological and evolutionary significance of these homology relationships is unclear.
Conti-Tronconi et al. (9) have reported NH2-terminal amino acid sequence data for all four subunits of the fetal calf AcChoR. The data clearly showed sequence homology among the four subunits of the fetal calf AcChoR, similar to that observed in Torpedo and Electrophorus, and they established the subunit stoichiometry in fetal calf to be 2:1:1:1. However, the data did not permit subunit molecular weights In this analysis, the computer determines the percent homology between any two sequences (nucleic acid or amino acid) over a relatively short length of sequence (the search string). The computer begins the analysis at the 5' or NH2 termini of the sequences to be compared and repeats the analysis over the entire length. A percent homology value is calculated over the search string for every residue in the sequences being compared. The nucleic acid sequence search string was 50; the amino acid sequence search string was 17. Sequences were aligned as in Fig. 4 . Only the protein-encoding regions of the nucleic acid sequences were compared. In this analysis, gaps inserted in the sequences for alignment purposes were scored as regions of 0% homology. to be associated with two of the four sequences. The amino acid sequence deduced from the mouse cDNA clone described here shows a high degree of similarity to the NH2-terminal amino acid sequence of the fourth subunit of the fetal calf AcChoR (labeled "y" in ref. 9) . Over the first 24 amino acids of the mature proteins, the sequences are identical at at least 12 residues. Many of the changes represent conservative substitutions.
As indicated by arrows in Fig. 3 , there are three possible sites for N-glycosylation, at asparagine residues 76, 143, and 169 of the mouse polypeptide. The site at position 143 is precisely conserved among mouse and all four Torpedo subunits. In both Torpedo y and 8, there is a conserved site six amino acids toward the amino terminus relative to the mouse site at residue 76.
The mouse polypeptide contains two cysteine residues at positions 130 and 144 which are also precisely conserved in all four subunits of the Torpedo receptor. (2) (3) (4) (5) and in the a subunits of the human and bovine receptors (10) . These residues may be involved in disulfide bridge formation (2) .
The calculated hydrophobicity profile (20) of the mouse subunit is very similar to the profiles calculated for the several Torpedo AcChoR subunits (4, 5) . In particular, the lengths and positions of the several proposed hydrophobic membrane-spanning segments are highly conserved. For the mouse 8 subunit the residue positions of these segments are Ml, 225-251; M2, 257-275; M3, 291-312; and M4, 451-469 (data not shown).
Finer-Moore and Stroud (21) have proposed recently that all four subunits of the Torpedo AcChoR contain an amphipathic a-helical membrane-spanning segment that constitutes part of the ion channel. The salient feature of this domain is that one side of the proposed a-helix is composed predominantly of hydrophobic residues that interact with the other hydrophobic domains of the subunit polypeptides, whereas another side is composed of hydrophilic residues, which constitute part of the wall of the ion channel (21) . To examine the possibility that such a domain may exist in this subunit of the mouse AcChoR, an a-helical wheel was constructed beginning with residue 407 (Fig. 3) and ending with residue 428. The overall average hydrophobicity (20) of this region was calculated to be -0.34, a weakly hydrophilic value. The a-helical wheel revealed a strongly hydrophilic surface on the putative a-helix composed of residues 408, 412, 415, 419, 422, and 426 (Fig. 3) , whose average hydrophobicity was -3.57. The average hydrophobicity of all the other residues in this region was 0.88. This preliminary analysis suggests that an amphipathic domain may exist in this subunit of the mouse AcChoR as well.
RNA Blot Analysis. Fig. 6A shows an RNA gel blot with membrane-associated poly(A)+ RNA from BC3H-1 cells probed by hybridization with subcloned EcoRI fragments from three of the X recombinants (see Fig. 1 ). When the coding region subclone 6H was used to probe RNA from differentiated BC3H-1 cells, a predominant band at 3.3 kb was observed. Weaker bands at 4.6 and 2.0 kb were also detected. The major RNA band at 3.3 kb probably represents the mRNA species encoding this subunit of the mouse AcChoR.
The nature of the bands at 4.6 and 2.0 kb is not known. The band at 4.6 kb could represent a partially spliced precursor of the 3.3-kb species. (Nuclei were not removed from the cell homogenate prior to preparation of the membrane pellet.) The band at 2.0 kb could be a messenger related by sequence to the coding region of the mouse AcChoR 8 subunit. 
Neurobiology: LaPolla et aLP
It is tempting to speculate that the 2.0-kb RNA could be the message for the y subunit of the mouse AcChoR, although there is no evidence at this time to support this conjecture.
In gel blot analysis of membrane-bound poly(A)+ RNA from undifferentiated BC3H-1 cells the intensity of hybridization to the 3.3-kb RNA is about 1/50 that for differentiated cells, confirming that expression of this subunit is induced by differentiation.
All three 3' untranslated region subclones (6Z, 7Z, 8W) also hybridized to the 3.3-kb RNA band. However, subclone 6Z also hybridized intensely to a band at 2.6 kb not detected with any of the other probes. This result suggests that a cloning artifact has occurred in the 3' EcoRI fragment of the X58 insert. The fact that the restriction maps of the X58 and X60 inserts diverge after the first (5') Ava II site suggests that, somehow in the course of cloning, an unrelated piece of cDNA became attached to the 3' end of the X58 insert at a point between this Ava II site and the Ban I site (see Fig. 1 ).
Genome Blot Analysis. To obtain some insight into the number of genes coding for this subunit of the mouse AcChoR, the genome blot shown in Fig. 6B was prepared. Multiple genes for one or more subunits of the mammalian AcChoR may explain the observed kinetic and drug sensitivity differences among AcChoRs at the neuromuscular junction and those in other parts of the nervous system. The simple pattern of hybridization obtained (three bands in the EcoRI lane and two in the BamHI lane) is consistent with probably only one and at most two genes for this subunit of the mouse nicotinic AcChoR.
Further Discussion. We have isolated and sequenced a cDNA clone coding for a subunit of the mouse AcChoR.
Comparison of this sequence with the sequences for Torpedo and other species confirms the general high degree of amino acid sequence conservation among the several AcChoR subunits in evolution. Although the mouse clone was selected by hybridization to a Torpedo y subunit cDNA probe, amino acid sequence comparison indicates a slightly higher degree of homology with the Torpedo 8 subunit than with 'y. On this basis, we tentatively identify our clone as that of the mouse 8 subunit. We note that at present the only distinguishing criterion between Torpedo y and 8 subunits is the small difference in gel electrophoretic mobility. A decisive functional or structural criterion for the role of each subunit in the assembled AcChoR awaits discovery.
Just when this manuscript was completed, we learned of the work of Nef et al. (23) with full sequence information on a genomic clone coding for the chicken AcChoR y and 8 subunits. Our mouse amino acid sequence is more similar to that assigned by these authors to chicken 8 than to that for chicken y.
